PSR B1931+24 (J1933+2421) behaves as an ordinary isolated radio pulsar during active phases that are 5-10 days long. However, the radio emission switches off in less than 10 seconds and remains undetectable for the next 25-35 days, then it switches on again. This pattern repeats quasi-periodically. The origin of this behaviour is unclear. Even more remarkably, the pulsar rotation slows down 50% faster when it is on than when it is off. This indicates a massive increase in magnetospheric currents when the pulsar switches on, proving that pulsar wind plays a substantial role in pulsar spin-down. This allows us, for the first time, to estimate the currents in a pulsar magnetospheric during the occurrence of radio emission.
to be about 10 million years during which, on long time scales, pulsar emission is essentially steady (1) . It was therefore surprising when a unique activity pattern was found for the pulsar PSR B1931+24 (also known as PSR J1933+2421) during routine pulsar timing observations with the 76-m Lovell Telescope at the Jodrell Bank Observatory in the United Kingdom.
The pulsar had been considered to be a seemingly ordinary pulsar, with a spin period of 813 ms (2) and a typical rotational frequency derivative ofν = −12.2 × 10 −15 Hz s −1 ( Table   1 , 3). It was noted that it exhibits considerable short-term rotational instabilities intrinsic to the pulsar, known as timing noise, but shows no evidence indicating the presence of any stellar companion. It became clear a few years ago that the pulsar was not detected in many of the regular observations and that the flux density distribution was bimodal, the pulsar being either on or off. Figure 1 shows the best sampled data span which covers a 20-month period between 1999 and 2001 and demonstrates the quasi-periodic pattern of the on-off sequences. The power spectrum of the data reveals a strong ∼ 35-d periodicity with two further harmonics, which reflect the duty cycle of the switching pattern ( Fig. 1) . Studying a much longer time series from 1998 to 2005, including some intervals of less densely sampled data, we find that the periodicities are persistent but slowly vary with time over a period ranging from 30 to 40 days.
No other known pulsar behaves this way.
To investigate the nature of the variations, we examined the rotation rate of the pulsar over a 160-day period (Fig. 2a) . The variation is dominated by a decrease in rotational frequency which is typical for pulsars. However, inspection of the longer sequences of the available data on the on phases in the diagram reveals that the rate of decrease is even more rapid during these phases, indicating values of the rotational frequency first derivative thatg are higher than the average value. This suggests a simple model in which the frequency derivative has different values during the off and on phases. Such a model accurately describes the short-term timing variations that are seen relative to a simple long-term slow-down model (Fig. 2b) . Over the 160-day period shown, the pulsar was monitored almost daily, so that the switching times were well defined, and a model could be fitted to the data with good precision. The addition of a single extra parameter (that is, two values of the frequency derivative rather than one) reduced the timing residuals by a factor of 20 and provides an entirely satisfactory description of the data.
A similar fitting procedure was applied to other well-sampled sections of the data and produced consistent model parameters ( that there is a ∼50% increase in spin-down rate of the neutron star when the pulsar is on.
The observed quasi-periodicity in pulsar activity and its time scale have never been seen before as a pulsar emission phenomenon and are accompanied by massive changes in the rotational slow-down rate. This raises a number of questions. Why does the emission switch on and off? Why is the activity quasi-periodic? Why is the pulsar spinning down faster when it is on?
On the shortest, pulse-to-pulse time scales, intrinsic flux density variations are often observed in pulsar radio emission. The most extreme case is displayed by a small group of pulsars that are known to exhibit "nulls" in their emission; that is, the random onset of a sudden obvious lack of pulsar emission, typically lasting between one and a few dozen pulsar rotation periods (4). An acceptable explanation for such nulling, which appears to be the complete failure of the radiation mechanism, is still missing. This nulling previously represented the longest known time scales for an intrinsic disappearance of pulsar emission. The facts that the off periods of PSR B1931+24 are five orders of magnitude longer than typical nulling periods, that the activity pattern is quasi-periodic and that not a single null has been observed during on periods strongly suggest that the phenomenon found here is different from nulling.
The approximate 35-day period might be attributed to free precession, although we find no evidence of expected (5) profile changes. Although switches between states are rare events, we have been able to observe one switch from on to off that occurred within 10 seconds, the time resolution being limited by the signal-to-noise ratio of the observations. The sudden change and the quasi-periodicity point toward a relaxation oscillation of unknown nature within the pulsar system, rather than precession.
What can cause the radio emission to cut off so quickly? The energy associated with the radio emission from pulsars accounts for only a very small fraction of the pulsar's slow-down energy which may suggest that the disappearance of radiation is simply due to the failure of the coherence condition in the emission process (6) . However, in that case, the long timescales of millions of pulsar rotations are hard to understand. One alternative explanation is that there is a more global failure of charged particle currents in the magnetosphere.
The large changes in slow-down rate that accompany the changes in radio emission can also be explained by the presence or absence of a plasma whose current flow provides an additional braking torque on the neutron star. In this model, the open field lines above the magnetic pole become depleted of charged radiating particles during the off phases when the rotational slow downν off , is caused by a torque dominated by magnetic dipole radiation (7, 8) . When the pulsar is on, the decrease in rotational frequency,ν on , is enhanced by an additional torque provided by the outflowing plasma, T ∼ The charge density of the current can be estimated from the difference in loss in rotational energy during the on and off phases. When the pulsar is on, the observed energy loss,Ė on = 4π 2 Iνν on , is the result of the sum of the magnetic dipole braking as seen during the off phases,
2 Iνν off , and the energy loss caused by the outflowing current,Ė wind = 2πT ν; that is,Ė on =Ė off +Ė wind where I is the moment of inertia of the neutron star. From the difference in spin-down rates between off and on phases, ∆ν =ν off −ν on , we can therefore calculate the charge density ρ = 3I∆ν/R a moment of inertia of I = 10 38 kg m 2 (10). We find that the plasma current that is associated with radio emission carries a charge density of ρ = 0.034 C m −3 . This is remarkably close to the charge density ρ GJ = B 0 ν/c in the Goldreich-Julian model of a pulsar magnetosphere (11); that is ρ GJ = 0.033 C m −3 .
Such charge density is sufficient to explain the change in the neutron star torque, but it is not clear what determines the long timescales or what could be responsible for changing the plasma flow in the magnetosphere. In that respect, understanding the cessation of radiation that we see in PSR B1931+24 may ultimately also help us to understand ordinary nulling. Whatever the cause is, it is conceivable that the onset of pulsar emission may be a violent event that may be revealed by high-energy observations. Although an archival search for x-ray or γ-ray counterparts for PSR B1931+24 has not been successful, the relatively large distance from the pulsar (∼ 4.6 kpc) and arbitrary viewing periods may make such a detection unlikely.
The relation between the presence of pulsar emission via radiating particles and the increased spin-down rate of the neutron star provides strong evidence that a pulsar wind plays a substantial role in the pulsar braking mechanism. Although this has been suggested in the past (12), direct observational evidence has been missing so far. As a consequence of the wind contribution to the pulsar spin-down, magnetic fields estimated for normal pulsars from their observed spin-down rates are likely to be overestimated.
The discovery of PSR B1931+24's behaviour suggests that many more such objects exist in the Galaxy but have been overlooked so far because they were not active during either the search or confirmation observations. The periodic transient source serendipitously found recently in the direction of the galactic centre (13) may turn out to be a short-timescale version of PSR B1931+24 and hence to be a radio pulsar. In general, the timescales involved in the observed activity patterns of these sources pose challenges for observations scheduled with current telescopes. Instead, future telescopes with multibeaming capabilities, like the SquareKilometre-Array or the Low Frequency Array, which will provide continuous monitoring of such sources, are needed to probe such timescales which are still almost completely unexplored in most areas of astronomy. (Table 1) , show substantial short-term variations. Over the period covered by this figure, the pulsar was monitored almost daily, so that the off and on periods were well defined and the model described above could be fitted to the data with good precision. The fitted model is shown as a continuous line overlying the data points and clearly describes the data very well.
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